Temperature caused phenomenal modulation of phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) in leaf discs of Amaranthus hypochondriacus (NAD-ME type C 4 species), compared to the pattern in Pisum sativum (a C 3 plant). The optimal incubation temperature for PEPC in A. hypochondriacus (C 4 ) was 45°C compared to 30°C in P. sativum (C 3 ). A. hypochondriacus (C 4 ) lost nearly 70% of PEPC activity on exposure to a low temperature of 15°C, compared to only about a 35% loss in the case of P. sativum (C 3 ). Thus, the C 4 enzyme was less sensitive to supraoptimal temperature and more sensitive to suboptimal temperature than that of the C 3 species. As the temperature was raised from 15°C to 50°C, there was a sharp decrease in malate sensitivity of PEPC. The extent of such a decrease in C 4 plants (45%) was more than that in C 3 species (30%). The maintenance of high enzyme activity at warm temperatures, together with a sharp decrease in the malate sensitivity of PEPC was also noticed in other C 4 plants. The temperature-induced changes in PEPC of both A. hypochondriacus (C 4 ) and P. sativum (C 3 ) were reversible to a large extent. There was no difference in the extent of phosphorylation of PEPC in leaves of A. hypochondriacus on exposure to varying temperatures, unlike the marked increase in the phosphorylation of enzyme on illumination of the leaves. These results demonstrate that (i) there are marked differences in the temperature sensitivity of PEPC in C 3 and C 4 plants, (ii) the temperature induced changes are reversible, and (iii) these changes are not related to the phosphorylation state of the enzyme. The inclusion of PEG-6000, during the assay, dampened the modulation by temperature of malate sensitivity of PEPC in A. hypochondriacus. It is suggested that the variation in temperature may cause signi®cant conformational changes in C 4 -PEPC.
Introduction
Phosphoenolpyruvate carboxylase (EC 4.1.1.31) is a ubiquitous enzyme occurring in the cytosol of photosynthetic and non-photosynthetic tissues of C 3 , C 4 and CAM plants (Andreo et al., 1987; Rajagopalan et al., 1994; Chollet et al., 1996; Vidal and Chollet, 1997; Nimmo, 2000) . C 4 plants differ from C 3 plants in several features, including their light and temperature responses (Berry and Bjo Èrkman, 1980; Sugiyama et al., 1979) . The temperature optima for photosynthesis and growth in C 4 plants are usually higher than those for C 3 plants (Berry and Bjo Èrkman, 1980) . The C 4 plants, in general, are tolerant to heat, but are quite sensitive to cold temperatures (Du et al., 1999a) . The cold sensitivity of the C 4 pathway has been suggested to be related to the cold sensivitity of key C 4 enzymes, such as pyruvate phosphate dikinase (PPDK) or PEPC (Potvin and Simon, 1990; Burnell, 1990; Du et al., 1999a) .
The cold sensitivity of PPDK in C 4 plants is well established and the mechanism of cold inactivation of PPDK is studied in detail (Krall et al., 1989; Burnell, 1990; Du et al., 1999b) . By contrast, the reports on cold sensitivity of PEPC have been con¯icting. There are reports which suggest PEPC is sensitive to cold temperature (Phillips and McWilliam, 1971; Selinioti et al., 1986) , while others could not detect any signi®cant change in the properties of PEPC at cold temperature (Du et al., 1999b; Krall and Edwards, 1993) . In addition, some of these experiments involved the long-term exposures of plants or the short-term exposure of puri®ed enzymes and so diverse experimental material has been used.
On illumination, the activity of PEPC in leaves of C 4 plants is enhanced 2±3-fold, with a marked decrease in the malate sensitivity of the enzyme. These changes during light activation are due to the phosphorylation of the enzyme (Chollet et al., 1996; Vidal and Chollet, 1997; Parvathi et al., 2000a) . The work of Selinioti et al. (1986) indicated that an ampli®cation of the light effect by temperature difference could occur. Such interaction of light and temperature would be very important for C 4 plants. Compared to the extensive literature on the properties and mechanism of light activation of PEPC, in C 4 plants, the literature on the regulation by temperature of PEPC is quite limited (Rajagopalan et al., 1994) .
The present study is an attempt to characterize the temperature responses of PEPC from a typical C 4 plant, Amaranthus hypochondriacus and compare them with those of a C 3 plant pea (Pisum sativum). Experiments were conducted on leaf discs so as to simulate the physiological situation in vivo. Studies were extended to a few more species to establish the similar nature of PEPC responses in C 3 and C 4 plants. Attempts were then made to understand the mechanism of temperature-induced changes in the properties of PEPC in A. hypochondriacus (C 4 ) by examining the changes in the phosphorylation status, protein levels or the modulation by PEG-6000.
Materials and methods

Plant material
Plants of Amaranthus hypochondriacus L. (cv. AG-67) and Pisum sativum L. (cv. Arkel) were raised from seeds. The plants were grown in earthen pots ®lled with soil supplemented with farmyard manure. They were grown outdoors in the ®eld under a natural photoperiod of approximately 12 h and temperatures of 30±40°C day/25±30°C night. The upper fully expanded leaves were harvested, about 2±3 h after sunrise. Leaf discs were prepared from 4±6-week-old plants of A. hypochondriacus and 8±10-d-old plants of P. sativum.
Extraction and assay of PEPC Thirty leaf discs (each of c. 0.2 cm 2 and a total weight of 125 mg) were extracted in a chilled mortar and pestle with 500 ml of extraction medium containing 100 mM TRIS-HCl, pH 7.3, 5 mM MgCl 2 , 2 mM KH 2 PO 4 , 1 mM EDTA, 20% (v/v) glycerol, 10 mM b-mercaptoethanol, 10 mM NaF, 2 mM PMSF, 5 mM DTT, and 2% (w/v) insoluble PVP. The homogenate was centrifuged at 15 000 g for 5 min. The supernatant was used as crude extract.
In some of the experiments, 10 mg ml ±1 chymostatin was used, instead of PMSF. However, PMSF was used routinely, as it was found to be quite effective in avoiding proteolysis in the case of A. hypochondriacus.
The activity of PEPC was assayed by coupling to NAD malic dehydrogenase (MDH) and monitoring NADH oxidation at 340 nm in a Shimadzu UV-Vis Spectrophotometer (Parvathi et al., 2000b) . The assay was performed at 30°C (irrespective of the preincubation temperature of the leaf discs). The assay mixture (1 ml) contained 50 mM TRIS-HCl, pH 7.3, 5 mM MgCl 2 , 0.2 mM NADH, 2 U MDH, 2.5 mM PEP, 10 mM NaHCO 3 , and leaf extract (equivalent to 1 mg of chlorophyll). The sensitivity of PEPC to malate was checked using either 0.5 mM malate (C 4 species) or 2 mM malate (C 3 species). In some of the experiments (as speci®ed), 1.25% (w/v) PEG-6000 was also present during the assay.
Estimation of chlorophyll and protein
Chlorophyll was estimated by extraction with 80% (v/v) acetone (Arnon, 1949) and protein was estimated by the method of Lowry et al. (1951) .
Incubation of leaf discs at different temperatures
Thirty leaf discs were¯oated on distilled water in a 5 cm diameter Petri dishes and were left in darkness for 2 h. After predarkening, the leaf discs were incubated 30 min at required temperature in the range of 15°C to 50°C in a thermostatically controlled water bath.
The temperature range used for all species was 15°C to 50°C. At the end of 30 min in each temperature, the leaf discs were extracted (as described above) and the extract was examined for PEPC activity.
Preparation of anti-PEPC antiserum Anti-PEPC antiserum was raised in 6-month-old white rabbits following the principles of Nimmo et al. (1986) as described in Gayathri et al. (2001) . Pi in vivo was done by following the procedure described by Bakrim et al. (1992) .
Excised leaves were fed through the petiole with 100 ml (60 mCi) of KH 2 32 PO 4 (speci®c activity of 10 mCi mmol ±1 ) under moderate illumination (400 mE m ±2 s ±1 ) for 4 h. The leaves were left in darkness for 2 h to ensure that the PEPC is dephosphorylated. A set of leaf discs were exposed to different temperatures for 30 min. In a parallel treatment, leaf discs were illuminated (1000 mE m ±2 s ±1 ) or kept in darkness for 45 min (Parvathi et al., 2000b) .
The incubated leaf discs were extracted with 5 ml of extraction buffer described above. The leaf extracts were cleared by centrifugation for 15 000 g for 5 min and the supernatants were assayed for PEPC. Extracts containing 0.2 units of PEPC-activity (approximately 300 ml) was mixed with the volume of anti-PEPC antiserum (200 ml) and left overnight at 4°C. The immunoprecipitated PEPC was pelleted by centrifugation at 15 000 g for 5 min. The supernatant was removed and the pellet washed twice with 0.5 M TRIS-HCl, pH 8.0, 1.5 M NaCl and 1% Triton X-100, and once with 0.1 M TRIS-HCl, pH 8.0. The pellet was ®nally suspended in SDS-PAGE sample buffer and subjected to 10% SDS-PAGE. The gels were stained with Coomassie brilliant blue R-250, destained and dried (Biorad gel dryer). The dried gels were used for autoradiography at ±80°C, as described in detail by Parvathi et al. (2000a) .
Western blotting
The levels of PEPC protein were assessed by using western blots (Betz and Dietz, 1991) , after transferring the proteins electrophoretically from the gel onto the polyvinylidene di¯uoride (PVDF) membranes (Towbin et al., 1979) . Anti-PEPC antiserum prepared against PEPC of A. hypochondriacus was used. The blots were visualized by using 5-bromo-4-chloro-3-indolylphosphate (BCIP) and p-nitroblue-tetrazolium chloride (NBT). Further details are described by Gayathri et al. (2001) .
Replication
Most of the experiments were repeated 3±5 times on different days. The average values TSE are reported.
Results
Changes in the activity and malate sensitivity of PEPC with temperature The optimal incubation temperature for PEPC in Amaranthus hypochondriacus (C 4 ) was 45°C, compared to 30°C in Pisum sativum (C 3 species). The response of the enzyme to temperature was quite dramatic when plotted as the percentage of maximum activity (Fig. 1) . The decrease in PEPC activity at 15°C was much higher in the case of A. hypochondriacus (C 4 ) than that of P. sativum (C 3 ). Similarly, the decrease in activity of PEPC at a high temperature was much greater in P. sativum (C 3 ) than in A. hypochondriacus (C 4 ). Thus, the C 4 PEPC was more sensitive to sub-optimal temperatures and less sensitive to supraoptimal temperatures than that of C 3 species.
As the temperature was raised from 15°C to 50°C, there was a marked decrease in the malate sensitivity of PEPC in A. hypochondriacus (from 85% to 39%). Such a decrease was more than that in Pisum sativum (from 66% to 34%) (Fig. 2) . The extent of malate inhibition was always higher in the case of P. sativum than of A. hypochondriacus.
In Amaranthus hypochondriacus, the use of chymostatin during extraction did not make a great difference. For example, the inhibition by malate of PEPC at 15°C was 69% and 76%, respectively, in the presence of PMSF and chymostatin. The malate inhibition at the incubation temperature of 50°C fell to 31% and 40%, in the presence of PMSF and chymostatin, respectively. Thus, the pattern of PEPC response to a rise in temperature (increase in activity and decrease in malate sensitivity) was similar, irrespective of the presence of either chymostatin or PMSF. As chymostatin was expensive, PMSF was used routinely in all the experiments.
Reversibility of the effect of temperature on PEPC The next set of experiments were designed to determine if the changes, induced in the properties of PEPC at various temperatures, were reversible. The leaf discs incubated at the optimal incubation temperatures of 45°C (A. hypochondriacus) and 30°C (P. sativum) were taken Fig. 1 . The activity of PEPC in extracts from leaf discs of Amaranthus hypochondriacus (C 4 plant) and Pisum sativum (C 3 species) after exposure to varying temperatures. The activity of PEPC is represented as a percentage of its maximum. The preincubation time for leaf discs was 30 min for each temperature. The experiments were done on at least three different days and the average values TSE are represented. The maximal activity of PEPC in A. hypochondriacus and P. sativum were 1365T106 and 27.1T2.4 mmol mg ±1 Chl h ±1 , respectively. Fig. 2 . Effect of temperature on the malate sensitivity of PEPC in extracts prepared from the leaf discs of Amaranthus hypochondriacus (C 4 plant) or P. sativum (C 3 species), exposed to different temperatures. The activity was measured at 30°C and assayed in the absence or presence of either 0.5 mM malate (A. hypochondriacus) or 2 mM malate (Pisum sativum). Further details were as described in Fig. 1 .
Response of PEPC to temperature 709 as controls. The leaf discs were exposed to various temperatures (for 30 min) and then transferred to their respective optimal incubation temperature (for 30 min). The decrease in the activity of PEPC at either suboptimal or supraoptimal temperature was signi®cantly reversed in both P. sativum and A. hypochondriacus (Fig. 3A, B) .
Comparison of the effects of temperature on PEPC in a range of C 3 and C 4 plants The effect of temperature on PEPC activity and sensitivity to L-malate were studied in leaf discs of a few C 3 and C 4 plants (Tables 1, 2 ). When leaf discs were incubated at different temperatures, the average PEPC activity in C 4 plants fell to 40% and 62% at suboptimal and supraoptimal temperatures, respectively, compared to the control (optimal incubation temperature). In C 3 species, the average PEPC activity at suboptimal and supraoptimal temperature was 65% and 38%, respectively, compared to the control. The sensitivity to L-malate of PEPC in C 4 plants increased by almost 2-fold, at suboptimal temperature, while there was only about 20% increase at the suboptimal temperature, in C 3 species. Similarly, the decrease in the extent of malate inhibition of PEPC as the temperature was raised from 15°C to 50°C was higher in C 4 plants than in C 3 species. Thus, the C 4 PEPC was more tolerant to high temperature and more susceptible to low temperature than C 3 plants.
Changes in the phosphorylation state and protein levels of PEPC Attempts were made to examine if the variation in temperature caused any modulation of either the phosphorylation status or the protein levels of PEPC. Since illumination is known to increase the phosphorylation of PEPC, light/dark treatment of leaf discs was included for comparison. The extent of PEPC phosphorylation was much higher in illuminated discs than in dark-adapted leaves. However, there was no signi®cant change in the status of PEPC phosphorylation in leaf discs exposed to different temperatures (Fig. 4) .
Western blot analysis indicated that the levels of PEPCprotein in leaf discs of A. hypochondriacus, were almost similar in control (dark-treated), illuminated discs as those at varied temperature (Fig. 4) . Thus, neither a change in temperature nor illumination, caused any signi®cant change in the PEPC-protein levels.
The effects of temperature on PEPC in the presence of PEG-6000 Since there was no change in the phosphorylation status of PEPC on exposure to temperature, the other possibility was a change in the conformational status of the enzyme. Compatible solutes like PEG-6000 promote the oligomerization of PEPC, increase the enzyme activity and decrease its malate sensitivity (Huber and Sugiyama, 1986) . The effect of temperature on PEPC from leaf discs of A. hypochondriacus (C 4 ) was therefore assessed with or without PEG-6000 in the assay medium (Table 3 ). In the absence of PEG-6000, the activity of PEPC decreased at sub-or supraoptimal temperature and the extent of inhibition by malate decreased steeply at 50°C compared Fig. 3 . The reversibility of the effects of temperature on PEPC. The leaf discs were preincubated at the optimal incubation temperature (control), exposed to varying temperatures and then transferred back to the control temperature. (A) Pisum sativum (C 3 species), (B) Amaranthus hypochondriacus (C 4 plant).
to that at the optimal incubation temperature of 45°C. The temperature-induced changes in malate sensitivity of PEPC were dramatically reduced with the addition of PEG in the assay medium.
Discussion
The results from this study demonstrate that a change in temperature can induce quite dramatic changes, not only in the activity but also the malate sensitivity of PEPC in both C 3 and C 4 plants. The changes were caused by a short duration of exposure to temperatures and were reversible to a large extent. The temperature-induced changes can therefore be physiologically relevant and important.
It may be argued that other factors could possibly affect the physiology of leaf discs at different temperatures, for example, concentration of dissolved CO 2 , oxidative stress or induction of heat shock proteins. The marked reversibility of the temperature effects of PEPC support the concept that leaf discs are able to simulate the conditions in vivo. Experiments are in progress to examine the temperature responses of puri®ed PEPC-protein in vitro. These results will be presented later and would naturally have limited implication.
That the optimal incubation temperature for PEPC in A. hypochondriacus (C 4 ) is 45°C, compared to 30°C in P. sativum (C 3 species), is not surprising. The data in Fig. 1 and Table 1 con®rm that the C 4 PEPC is quite sensitive to suboptimal temperatures compared to the PEPC of C 3 species. Thus, these results endorse the suggestion that PEPC is one of the cold-sensitive enzymes in C 4 plants (Phillips and McWilliam, 1971; Selinioti et al., 1986) . The sharp increase in the activity of PEPC with temperature, particularly above 15°C, could be physiologically signi®cant, as the temperature is expected to rise from about 10±15°C in the morning to 35±40°C at midday, on a typically clear and sunny day. A combination of light and warm temperature could amplify the photoactivation of the PEPC, as observed in the case of Egeria densa (Casati et al., 2000) and Amaranthus paniculatus (Selinioti et al., 1986) . The marked reversibility of the effect of temperature on PEPC in both C 4 and C 3 plants (Fig. 3) is an additional indication of the possible physiological relevance of temperature effects on PEPC.
These results demonstrate clearly the dramatic changes induced by temperature in the sensitivity of PEPC to malate. As the temperature was raised from 15°C to 50°C, there was a marked decrease in malate sensitivity of PEPC. The extent of such a decrease in C 4 plants (85% to 39%) was more than that in C 3 species (66% to 34%) ( Fig. 2 ; Table 2 ). Thus, PEPC appeared to be highly sensitive to malate at cold temperatures, while becoming relatively insensitive to malate at warm temperatures. The extent of malate inhibition is quite high in P. sativum compared with A. hypochondriacus. Again the limited reports in the literature had con¯icting observations. At low temperature, the sensitivity of PEPC to malate was very high in maize (Wu and Wedding, 1987) , but was quite low in Bryophyllum fedtschenkoi (Carter et al., 1995) . Lowering the temperature from 25°C to 3°C not only decreased the Fig. 4 . The pattern of protein levels and the phosphorylation of PEPC in leaf discs of Amaranthus hypochondriacus exposed either to the dark±light treatment or to varying temperatures of 15°C to 50°C (only dark-incubation). The extracts from leaves of A. hypochondriacus labelled with 32 Pi, were prepared after the given treatments. The PEPC enzyme was immunoprecipitated from leaf discs, separated on SDS-PAGE and examined for protein levels as well as radioactivity. The ®gure includes gels (A) stained with Coomassie Blue; (B) exposed to autoradiography; (C) western blots. Extracts equal to 0.2 units of PEPC were used in each lane of rows (A) and (B). The amount of protein in each lane was 25 mg, in row (C). Table 3 . The effect of including PEG-6000 in the assay medium on the response of PEPC from leaf discs of Amaranthus hypochondriacus to temperature
The extracts were prepared from leaf discs exposed to varying temperature and the characteristics of PEPC were determined in the absence or presence of 1.25% (w/v) PEG-6000. catalytic capacity of PEPC, but also caused a considerable reduction (about 10-fold) in the sensitivity of PEPC to malate (Carter et al., 1995) . The decrease in malate sensitivity of PEPC can also occur due to the proteolysis of the enzyme. However, the authors are con®dent that this is not the reason during these observations. There was no detectable change in the protein levels as indicated by the western blots (Fig. 4C) . The changes in activity of PEPC due to temperature were reversible to a marked extent (Fig. 3) . The inclusion of chymostatin did not cause any change in the pattern of results.
The regulation of PEPC is achieved by post-translational modi®cation of the enzyme, by phosphorylation of a serine residue near the N-terminus of PEPC (Rajagopalan et al., 1994; Chollet et al., 1996; Vidal and Chollet, 1997) . The phosphorylation of the enzyme leads to an increase in the activity of the enzyme and a decrease in malate sensitivity. The changes induced by a rise in temperature, namely the increase in the activity and the decrease in the extent of malate inhibition are quite similar to the changes effected during light activation of PEPC. It is therefore, quite possible that there is a change in phosphorylation status of PEPC on exposure to temperature. However, these experiments rule out the possible role of phosphorylation of the enzyme in the temperature effects of PEPC (Fig. 4) . This is the ®rst report that the temperatureinduced changes in PEPC of C 4 species is independent of phosphorylation.
An attractive and alternative possibility is the change in the conformational status of the enzyme. PEPC is very active when it is in a tetrameric shape, while its activity and malate sensitivity decreases when the enzyme dissociates into a monomer or dimer (Shi et al., 1981; Walker et al., 1986; Willeford et al., 1990) . Temperature may affect the oligomeric status of the enzyme PEPC. A rise in temperature causes the aggregation of PEPC in the case of C 4 and dissociation in case of CAM (Wu and Wedding, 1987) . Cold/chilling may make the enzyme dissociate from the active tetrameric shape to less active dimers or monomers. However, this is not well corroborated in the case of C 4 -PEPC (Walker et al., 1986) . McNaughton et al. (1989) reported that changes in the oligomerization state of PEPC may not be related to malate sensitivity and light-induced changes. It is possible that other types of conformational changes would still occur, for example, in the hydrophobic microenvironment of the protein.
Compatible solutes like PEG-6000 protect the enzymes against a variety of adverse conditions in vitro by increasing the local concentration of protein (Timasheff, 1992) . This study's experiments suggest that the temperature may modulate the conformation of PEPC, presumably by changing the local hydrophobic microenvironment of the enzyme. The marked damping of the temperature responses of PEPC when PEG-6000 was included during the assay (Table 3) is an indication that temperature may be causing reversible changes in the conformational status of PEPC. It would be of great interest to examine such changes further.
Another important observation from these results is that the high activity of PEPC is not always associated with a low level of malate sensitivity during the temperature responses (Figs 1, 2 ) and exposure to PEG-6000 (Table 3) . Such an absence of a relationship between PEPC activity and malate sensitivity has already been noticed by Carter et al. (1995) in the case of PEPC from Bryophyllum fedtschenkoi. These observations suggest that another signi®cant mode of regulation of PEPC that is different from phosphorylation, occurs with varying temperature. This could be largely due to a change in the conformational status of the enzyme involving either the oligomeric status and/or the microenvironment of protein, for example, folding hydrophobic regions.
